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Porphyromonas gingivalis is one of the oral microorganisms associated with human chronic periodontitis. The purpose of this
study is to determine the role of the receptor activator of nuclear factor-�B ligand (RANKL) in P. gingivalis infection-associated
periodontal bone resorption. Inbred female Rowett rats were infected orally on four consecutive days (days 0 to 3) with 1 � 109

P. gingivalis bacteria (strain ATCC 33277). Separate groups of rats also received an injection of anti-RANKL antibody, osteopro-
tegerin fusion protein (OPG-Fc), or a control fusion protein (L6-Fc) into gingival papillae in addition to P. gingivalis infection.
Robust serum IgG and salivary IgA antibody (P < 0.01) and T cell proliferation (P < 0.05) responses to P. gingivalis were de-
tected at day 7 and peaked at day 28 in P. gingivalis-infected rats. Both the concentration of soluble RANKL (sRANKL) in rat
gingival tissues (P < 0.01) and periodontal bone resorption (P < 0.05) were significantly elevated at day 28 in the P. gingivalis-
infected group compared to levels in the uninfected group. Correspondingly, RANKL-expressing T and B cells in rat gingival
tissues were significantly increased at day 28 in the P. gingivalis-infected group compared to the levels in the uninfected group
(P < 0.01). Injection of anti-RANKL antibody (P < 0.05) or OPG-Fc (P < 0.01), but not L6-Fc, into rat gingival papillae after P.
gingivalis infection resulted in significantly reduced periodontal bone resorption. This study suggests that P. gingivalis infec-
tion-associated periodontal bone resorption is RANKL dependent and is accompanied by increased local infiltration of RANKL-
expressing T and B cells.

Periodontitis is an inflammatory disease triggered by the host
immune response to a constellation of periodontal biofilm-

associated microorganisms (1–4). Intervening between the infec-
tion site and the targets of the disease (bone and connective tissue)
is a dense mononuclear inflammatory infiltrate containing all cel-
lular components necessary to control immunologically interac-
tive networks. Abundant T and B lymphocytes are found in this
infiltrate, and these inflammatory cells can infiltrate gingival tis-
sues in an antigen-specific manner (1, 5, 6). A key finding in pre-
vious studies is the presence of abundant osteoclasts on the alve-
olar bone (AvB) crest of the animals receiving antigen-specific
lymphocytes, strongly implicating the immune response in the
induction of bone resorption (1, 5).

Recently, a close relationship between the immune and skeletal
systems has attracted much attention due to accumulating evi-
dence that bone destruction can be caused by an inflammatory
activation of the immune system in rheumatoid arthritis (7–9)
and in periodontitis (1, 10, 11). Receptor activator of NF-�B li-
gand (RANKL) is a tumor necrosis factor (TNF)-related cytokine
that has been reported to be involved in not only physiological
osteoclastogenesis but also pathological bone resorption (12–14).
RANKL has been shown to be expressed not only in osteoblasts
and bone marrow stromal cells but also in T cells and B cells
(15–17), indicating that RANKL is a requisite factor for the initi-
ation of osteoclastogenesis in pathogenic bone resorption lesions
as well as in homeostatic bone remodeling. Importantly, our stud-
ies involving immunohistochemical analyses and confocal mi-
croscopy of the periodontal lesions indicated abundant RANKL
expression on T and B cells, with little or no expression of RANKL
by macrophages of patients with chronic periodontitis (18).

In the rat adoptive transfer/gingival challenge model of perio-
dontitis, we have demonstrated that periodontal bone resorption

is associated with increased expression and activity of RANKL by
infiltrating, antigen-specific T and B cells and subsequent induc-
tion of osteoclastogenesis (1, 5, 19). Other investigators with sim-
ilar models have obtained comparable results (20, 21). In this
study, we developed an experimental model of rat periodontal
disease by infection with Porphyromonas gingivalis, a Gram-nega-
tive anaerobic bacterium that has been associated with the devel-
opment of periodontal disease, and investigated the role of im-
mune cell RANKL expression in periodontal bone resorption in
this model.

MATERIALS AND METHODS
Rat oral infection with P. gingivalis. All animals were inbred female
Rowett rats (Rnu/�; 2 to 3 month old) maintained under pathogen-free
conditions in laminar flow cabinets. Experiments using these animals
were approved by the Forsyth Institute’s Internal Animal Care and Use
Committee (IACUC). In experiment 1, 36 animals were randomly di-
vided into a control group (18 animals) and an infection group (18 ani-
mals). For the infection group, rats were orally infected with live Porphy-
romonas gingivalis bacteria (ATCC 33277). P. gingivalis was grown in
Trypticase soy broth (BD Biosciences, San Diego, CA) containing 1%
yeast extract, 5 �g/ml hemin, and 2.5 �g/ml menadione as previously
described (22). Bacteria number in culture broth was determined by read-
ing absorbance values using a spectrophotometer and comparing values
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to a curve derived from a standard plate count. The infection was admin-
istered by oral gavage using 109 P. gingivalis bacteria per animal per day for
four consecutive days (days 0 to 3). Briefly, an equal volume of sterile 2%
(wt/vol) low-viscosity carboxymethylcellulose (CMC) was added and
mixed thoroughly, and 1 ml of P. gingivalis culture was administered by
oral gavage. The uninfected group was used as a control. Animals were
sacrificed, and samples (serum, saliva, cervical lymph nodes [LN], and
gingivae) were collected at days 7, 14, and 28 (n � 6 for each time point).
In experiment 2, 40 animals were randomly distributed into the following
five groups (n � 8 per group): group 1, control uninfected; group 2, P.
gingivalis infection only; group 3, P. gingivalis infection and gingival in-
jection of anti-RANKL (xRANKL) IgG antibody (1 �g/site); group 4, P.
gingivalis infection and gingival injection of human osteoprotegerin fu-
sion protein (OPG-Fc; 0.5 �g/site); or group 5, P. gingivalis infection and
gingival injection of a control fusion protein (L6-Fc; 0.5 �g/site). Each rat
received three palatal gingival injections (1 �l/site) on the mesial of the
first molar and in the papillae between molars on both sides (three sites on
each side) of the maxilla using a 28.5-gauge double-beveled MicroFine
needle (Becton, Dickinson). The injections for animals in groups 3 to 5
were administered into rat palatal gingival papillae three times (day 5, day
9, and day 14). Experiments were terminated at day 28. A summary of the
experimental protocol is shown in Fig. 1.

ELISA. Rat serum and saliva samples were collected as previously de-
scribed (22). Formalin-fixed P. gingivalis bacteria (107 bacteria/well) were
coated onto 96-well plates. For the detection of serum IgG antibody to P.
gingivalis (n � 6), diluted rat serum (1:500) was applied to the plate, and
rabbit (Rb) anti-rat IgG antibody was added, followed by alkaline phos-
phatase (ALP)-conjugated goat anti-rabbit IgG antibody (Sigma). For the
detection of salivary IgA antibody to P. gingivalis (n � 6), diluted rat whole
saliva (1:20) was applied to the plate, and mouse anti-rat IgA antibody
(Biosource International, Camarillo, CA) was added, followed by ALP-
conjugated goat anti-mouse IgG antibody (Sigma). Colorimetric reac-
tions were developed with p-nitrophenyl phosphate (pNPP) substrate and
measured at 405 nm using a spectrophotometer (Biotek, Winooski, VT).
Enzyme-linked immunosorbent assay (ELISA) measurements were per-
formed, and results are expressed as ELISA units (EU) based on a refer-
ence curve provided by dilution of an antibody-containing hyperimmune
rat serum collected from rats immunized with P. gingivalis (18). Gingival
tissues were homogenized with a Dounce glass homogenizer in phos-
phate-buffered saline (PBS) with 0.05% Tween 20, phenylmethylsulfonyl
fluoride (Sigma), and proteinase inhibitor cocktail (Sigma) as described
previously (5). The quantitation of soluble RANKL (sRANKL) in rat gin-
gival homogenates (n � 6) was assayed in triplicate using a murine
sRANKL ELISA development kit (Peprotech), and the concentration (pg/
ml) of soluble RANKL in each sample was calculated from a standard
curve.

T cell proliferation assay. Immune cells from rat cervical lymph nodes
(n � 6) were isolated and cultured in 96-well plates (1 � 104 cells/well) in
triplicate in the presence of formalin-fixed P. gingivalis (1 � 107 bacteria/
well). [3H]thymidine (0.5 �Ci/well) was added for the last 16 h of a 4-day
culture. Samples were harvested onto glass fiber filters, and radioactivity
(cpm) was measured in a liquid scintillation spectrometer (PerkinElmer,
Waltham, MA).

Flow cytometry. Mononuclear cells were isolated from rat gingival
tissues (n � 4) as described previously (19) and stained with the following
monoclonal mouse anti-rat antibodies (AbD Serotec, Oxford, United
Kingdom): OX33 (B cells), R73 (T cells), NK-RP1 (natural killer cells),
and ED1 (macrophages). After cells were washed with PBS, they were
stained with fluorescein isothiocyanate (FITC)-conjugated rat anti-
mouse IgG (Jackson ImmunoResearch). For the detection of membrane
RANKL expression, cells were also stained with rabbit anti-RANKL IgG
followed with phycoerythrin (PE)-conjugated goat anti-rabbit IgG (Mo-
lecular probes). FITC-conjugated mouse and rabbit IgG isotype controls
(AbD Serotec, Oxford, United Kingdom) were used as negative controls.
The number of positively stained cells in the total counted cells (20,000)
was analyzed for each sample using an Epics Altra flow cytometer (Beck-
man Coulter).

TRAP assay. The mouse macrophage/monocyte cell line RAW 264.7
(ATCC TIB-71) was seeded in 96-well plates at a density of 103 cells/well in
10% fetal bovine serum (FBS) containing Dulbecco’s modified Eagle’s
medium (DMEM). RAW 264.7 cells were cultured for 5 days with 50
ng/ml murine recombinant RANKL (mrRANKL; R&D Systems) in the
presence or absence of rabbit (Rb) normal serum IgG or Rb anti-RANKL
IgG. In some experiments, RAW 264.7 cells were cultured for 2 days with
mrRANKL (50 ng/ml). Then the medium was replaced with fresh me-
dium without mrRANKL, and cells were cultured with rat gingival ho-
mogenates (n � 4) (0.25 �g/ml or 2.5 �g/ml) for another 3 days in the
presence or absence of anti-RANKL IgG (1 �g/ml, 5 �g/ml, or 10 �g/ml).
Cells were stained for tartrate-resistant acid phosphatase (TRAP) using a
leukocyte acid phosphatase kit (Sigma) as previously described (1).
TRAP-positive(TRAP�) cells with three or more nuclei were considered
osteoclasts. TRAP� multinuclear cells were counted, and results are ex-
pressed as numbers per well in a 96-well plate.

Measurement of alveolar bone resorption. After defleshing of the
maxillary jaws, periodontal bone resorption was measured as previously
described (1). Briefly, the distances from cemento-enamel junction (CEJ)
to the alveolar bone (AvB) crest on the palatal side of each root were
measured using a microscope with a reticule eyepiece under �25 magni-
fication. Recordings were made in the long axis of the root surfaces of all
molar teeth. A total of 14 recordings were evaluated in each rat, including
three roots of the first molar and both roots of the second and the third
molars. Measurements were made by an examiner without prior knowl-

FIG 1 Summary of experimental protocol. For experiment (Exp) 1, 36 animals were randomly divided into a control group (18 animals) and an infection group
(18 animals), and after four consecutive days of infection, serum, saliva, cervical LN, and gingival samples from each animal were collected at days 7, 14, and 28
(n � 6 for each time point). For experiment 2, 40 animals were randomly divided into five groups (control, infection only, infection plus anti-RANKL IgG,
infection plus OPG-Fc, and infection plus L6-Fc; n � 8 for each group). Samples were collected on day 28 after different treatments. For each group, gingival
tissues and maxillae were collected from four animals, and another four animals were used for histological analyses. Ab, antibody; P. g., P. gingivalis.
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edge of the group designation of the animals, and the recordings were
verified by a second examiner. The bone resorption was expressed as total
distance between the CEJ and the AvB crest per animal (n � 6 for exper-
iment 1, and n � 4 for experiment 2).

Tissue preparation and histological TRAP staining. The maxillary
samples from each group (n � 4 per group) were dissected and fixed in 4%
formaldehyde overnight at 4°C. The specimens were then washed consec-
utively in 5, 10, and 15% glycerol in PBS and decalcified in 10% EDTA–
0.1 M Tris for 3 weeks at 4°C. Decalcified samples were cut in half through
the midline of the palate, embedded in optimal cutting temperature
(OCT) compound (Miles, Elkhart, IN), and frozen at �80°C for 1 h. Serial
sections at 6 �m were cut by cryostat sectioning. For TRAP staining, the
slides were incubated for 20 to 40 min in the TRAP staining solution at
37°C in the dark until red staining was visible. The slides were then coun-
terstained with hematoxylin. Osteoclasts were identified as multinucle-
ated TRAP-positive cells, lying on the alveolar bone surface. For quanti-
tative image analysis, the number of osteoclasts per millimeter of the
alveolar bone surface was measured using an image analysis program
(AxioVision; Carl Zeiss MicroImaging Inc., Thornwood, NY).

Quantitative RT-PCR (qRT-PCR). At the termination of experiment
2 (day 28), oral swabs from each rat were resolved in 200 �l of PBS con-
taining protease inhibitor cocktail (Roche). DNA was extracted from each
sample as previously described (22) and subjected to real-time PCR (RT-
PCR) amplification of the DNA fragment using P. gingivalis 16S rRNA
gene-specific primers (5=-GAGTTTGATYMTGGCTCAG-3= and 5=-TCA
GTCGCAGTATGGCAA-3=). A universal 16S rRNA gene primer pair was
used to quantitate the total bacteria recovered from each animal (5=-GA
GTTTGATYMTGGCTCAG and 5=-AAGGAGGTGWTCCARCC-3=).
Amplification reactions were carried out in 25 �l of SYBR green reaction
mix (Invitrogen) in an iCycler (Bio-Rad) according to the manufacturer’s
instructions. The quantity of P. gingivalis DNA or total bacterial DNA

from each sample was extrapolated from the DNA standard curve derived
from serial dilution of bacteria with known concentrations. P. gingivalis
numbers were normalized to the total bacteria count in each sample. Each
experiment was carried out in duplicate, and the data were obtained from
all animals from each group (n � 8).

Statistical analysis. Results obtained from periodontal bone resorp-
tion and quantitation of P. gingivalis DNA are expressed as means �
standard deviations (SD). Data compiled from T cell proliferation assays,
from ELISAs for serum IgG, salivary IgA, and sRANKL, from TRAP stain-
ing, and from flow cytometry are expressed as means � standard errors
(SE). A Student’s t test was used to evaluate significance using the software
Excel 2010 (Microsoft). P values of �0.05 were considered statistically
significant.

RESULTS
Serum IgG and salivary IgA antibody response to P. gingivalis
after oral infection. As expected, after oral infection with P. gin-
givalis, both rat serum IgG and salivary IgA antibodies to P. gingi-
valis were significantly increased at day 7 (P � 0.01) and further
elevated at day 14 and day 28 compared to the antibody levels in
the uninfected animals (P � 0.01) (Fig. 2A and B). Proliferation of
T cells from cervical lymph nodes (LN) after their exposure to P.
gingivalis antigen was also greatly increased in infected rats com-
pared to those in the uninfected rats (from 2.5-fold at day 7 to
10-fold at day 28), as detected by 3H incorporation assay (Fig. 2C).

sRANKL detection in rat gingival homogenate. At day 7,
there was no difference in soluble RANKL (sRANKL) concentra-
tions in gingival tissues extracted from uninfected and infected
rats. However, sRANKL concentrations were significantly higher

FIG 2 T and B cell responses to P. gingivalis after oral infection. Formalin-fixed P. gingivalis (107 bacteria/well) were coated in duplicate onto 96-well plates. (A)
Diluted rat serum (1:500) was applied to the plate, and rabbit anti-rat IgG antibody was added, followed by alkaline phosphatase (ALP)-conjugated goat
anti-rabbit IgG antibody. (B) Diluted rat whole saliva (1:20) was applied to the plate, and mouse anti-rat IgA antibody was added, followed by ALP-conjugated
goat anti-mouse IgG antibody. Colorimetric reactions were developed with p-nitrophenyl phosphate (pNPP) substrate. ELISAs were performed, and measure-
ments are expressed as ELISA units (EU) converted from a standard curve. All readings were recorded with a microplate reader (Bio-Tek Instruments) at 405 nm.
**, P � 0.01, by a Student t test (n � 6). (C) Cells from rat cervical lymph nodes (LN) were isolated and cultured in 96-well plates (1 � 104 cells/well) in triplicate
in the presence of formalin-fixed P. gingivalis (1 � 107 bacteria/well). [3H]thymidine (0.5 �Ci/well) was added for the last 16 h of a total of 4-day culture. Samples
were harvested onto glass fiber filters, and radioactivity (cpm) was measured in a liquid scintillation spectrometer (PerkinElmer, Waltham, MA). *, P � 0.05; **,
P � 0.01, by a Student t test (n � 6).
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in the gingival homogenates of P. gingivalis-infected rats than in
those from uninfected rats at both day 14 (P � 0.05) and day 28
(P � 0.01) (Fig. 3A).

Alveolar bone resorption in rats after P. gingivalis infection.
The total distances (mm) from the CEJ to the AvB crest of palatal
roots were measured to evaluate the level of bone resorption from
P. gingivalis-infected rats (Fig. 3B). At day 7 and day 14, the total
distance from the CEJ to the AvB crest of palatal roots in P. gingi-
valis-infected rats did not differ from that of uninfected rats. How-
ever, at day 28, a significant increase in the total distance from the
CEJ to the AvB crest of the palatal roots was observed in P. gingi-
valis-infected rats compared to uninfected rats (P � 0.05). This
increase is in parallel with the increased sRANKL concentrations
in the gingivae of P. gingivalis-infected rats compared to levels in
uninfected rats (Fig. 3A).

Distribution of RANKL-expressing immune cells in rat gin-
gival tissues. The total number of immune cells and the number
of RANKL-expressing immune cells in gingival tissues from P.
gingivalis-infected rats and uninfected controls were determined
by flow cytometry at day 28. As expected, all tested cell types (B
cells, T cells, natural killer cells, and macrophages) were signifi-
cantly increased in gingival tissues of P. gingivalis-infected rats
compared to those in uninfected rats at day 28 (P � 0.01), sup-
porting immune cell infiltration of infected gingivae (Fig. 4A).
However, only T and B cells, but not natural killer cells and mac-

rophages, demonstrated significantly elevated RANKL expression
in the gingival tissues of P. gingivalis-infected rats compared to
uninfected rats at day 28 (P � 0.01) (Fig. 4B).

Inhibition of gingival homogenate-induced TRAP� cell for-
mation by anti-RANKL IgG. We first evaluated the ability of pu-
rified anti-RANKL IgG to affect RANKL-induced osteoclastogen-
esis of RAW 264.7 cells in vitro. After culture for 5 days, the number of
TRAP� multinuclear cells was greatly increased in the presence
of recombinant RANKL (rRANKL) compared to the level in the
medium-only group. However, such an increase was signifi-
cantly inhibited by the addition of anti-RANKL IgG (5 �g or 10 �g
of anti-RANKL IgG [xRANKL]) in a dose-dependent manner
(Fig. 5A, sixth and seventh columns). The anti-RANKL IgG was
then used to determine its effect on the inhibition of TRAP� cell
formation induced by gingival homogenate from P. gingivalis-
infected rats. While the number of TRAP� cells was greatly in-
creased in the presence of recombinant RANKL (rRANKL) com-
pared to the level in the medium-only group, no changes in the
number of TRAP� cells were observed after removal of rRANKL
and subsequent additions of gingival homogenate from unin-
fected rats at day 28 or of anti-RANKL IgG (Fig. 5B, light bars),
indicating that the TRAP� cell formation is due solely to the initial
boost by recombinant RANKL (50 ng/ml). RAW 264.7 cells cul-
tured with 0.25 �g/ml gingival homogenate from P. gingivalis-
infected rats at day 28 demonstrated an increased number of

FIG 3 Evaluation of sRANKL production and alveolar bone resorption in rats after P. gingivalis infection. (A) sRANKL was detected in rat gingival homogenate
by ELISA using a murine sRANKL ELISA development kit (Peprotech). Assays were performed in triplicate. **, P � 0.01, by a Student t test (n � 6). (B) Alveolar
bone resorption in rats after P. gingivalis infection. Rat maxillae were defleshed, and the distances from the cemento-enamel junction (CEJ) to the alveolar (AvB)
crest on the palatal side of each root were measured as described in Materials and Methods. The bone resorption was expressed as the total distance between the
CEJ and the AvB crest per animal. *, P � 0.05, by a Student t test (n � 6).

FIG 4 Distribution of RANKL-expressing cells in rat gingival tissues by flow cytometry. On day 28, mononuclear cells from rat gingival tissues were isolated from
rat gingival tissues. (A) For cell type distribution, cells were stained with the following monoclonal mouse anti-rat antibodies (Serotec, Oxford, United Kingdom):
OX33 (B cells), R73 (T cells), NK-RP1 (natural killer cells) and ED1 (macrophages [MAC]). After cells were washed with PBS, they were stained with
FITC-conjugated rat anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA). (B) In some experiments, cells were also stained with rabbit anti-RANKL IgG
followed with PE-conjugated goat anti-rabbit IgG (Molecular Probes, Carlsbad, CA). **, P � 0.01, by a Student t test (n � 4).
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TRAP� cells compared to those from uninfected rats (Fig. 5B,
fourth column). The number of gingival homogenate-induced
TRAP� cells was significantly reduced in the presence of anti-
RANKL IgG in a dose-dependent manner (Fig. 5B, fifth to sev-
enth columns). This result suggested that osteoclastogenesis
induced by gingival tissues from P. gingivalis-infected rats is
RANKL dependent. We have evaluated the serum antibody re-
sponses to rabbit anti-RANKL IgG injected to the animals on
days 0, 7, 14, and 28. The results demonstrated that the anti-
body response to rabbit anti-RANKL IgG could not be detected
until at day 28 (Fig. 5C).

Inhibition of periodontal bone resorption after oral infec-
tion. As previously demonstrated, a significant increase in the
total distance from the CEJ to the AvB crest of palatal roots was
observed in P. gingivalis-infected rats compared to the distance in
uninfected rats at day 28. Gingival injection of anti-RANKL anti-
body or OPG-Fc (a decoy receptor of RANKL) significantly de-
creased the total distance compared to the infection-only group
(Fig. 6). Such a decrease was not observed with the injection of a
nonrelevant human Fc fusion protein, L6-Fc (Fig. 6). Histological
TRAP staining demonstrated that gingival injection of anti-

FIG 5 Effect of anti-RANKL IgG on TRAP� cell formation in vitro and serum antibody response in vivo. (A) RAW 264.7 cells cultured for 5 days with mrRANKL
and rabbit (Rb) normal serum or anti-RANKL IgG. TRAP� multinuclear cells were counted, and results are expressed as numbers per well in a 96-well plate. (B)
RAW 264.7 cells were cultured for 2 days with murine recombinant RANKL (50 ng/ml). Then the medium was replaced with fresh medium without mrRANKL,
and cells were cultured with rat gingival homogenates (GH) for another 3 days in the presence or absence of anti-RANKL IgG. TRAP� multinuclear cells were
counted, and results are expressed as numbers per well in a 96-well plate. *, P � 0.05; **, P � 0.01, by a Student t test (n � 4). (C) Rat anti-rabbit IgG antibody
levels in sera were detected by ELISA on days 0, 7, 14, and 28 after injection of rabbit anti-RANKL IgG (1 �g/site) into the rat palatal gingival papillae. Colorimetric
reactions were developed with p-nitrophenyl phosphate (pNPP) substrate and measured at 405 nm using a spectrophotometer. Data are presented as means �
SD of 4 sera, each assayed in triplicate. **, P � 0.01, by a Student t test (n � 4). OD, optical density.

FIG 6 Periodontal bone resorption after oral infection and gingival injections.
Rats were divided into 5 groups: group 1, control uninfected; group 2, P.
gingivalis infection only; group 3, P. gingivalis infection with gingival injection
of anti-RANKL antibody (1 �g/site); group 4, P. gingivalis infection with hu-
man OPG-Fc (0.5 �g/site); or group 5, P. gingivalis infection with control
L6-Fc (0.5 �g/site). After infection, injections were made on the palatal side of
maxillae on days 5, 9, and 14. Four weeks after, the maxillae were defleshed,
and the distances from the cemento-enamel junction (CEJ) to the alveolar
bone (AvB) crest on the palatal side of each root were measured as described in
Materials and Methods. Bone resorption was expressed as total distance be-
tween the CEJ and the (AvB) crest per animal. Data are expressed as means �
SD (*, P � 0.05; **, P � 0.01, by a Student t test; n � 4).
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RANKL antibody or OPG-Fc significantly reduced P. gingivalis
infection-associated TRAP� cell formation along the alveolar
bone surface (Fig. 7). This further substantiates that P. gingivalis
infection-associated osteoclastogenesis in periodontal tissues and
the subsequent periodontal bone resorption are RANKL depen-
dent. However, neither anti-RANKL antibody nor OPG-Fc injec-
tion reversed the elevated bone resorption and TRAP� cell forma-
tion in P. gingivalis-infected rats to levels comparable to those in
the uninfected group (Fig. 6 to 7).

Recovery of P. gingivalis from rat oral cavities. In order to
determine the effect of different treatments on P. gingivalis colo-
nization, P. gingivalis DNA from rat oral swabs were quantified
using real-time PCR, and results were normalized to the total bac-
terial DNA in the same sample. As expected, P. gingivalis DNA was
detected from oral swabs of all infected animals at the termination
of experiments but was not detected in oral swabs of uninfected
rats. Interestingly, injection of anti-RANKL antibody or OPG-Fc
in addition to the P. gingivalis infection significantly reduced the
percentage of P. gingivalis relative to the total bacterial count in the
rat oral cavity, whereas injection of L6-Fc with P. gingivalis infec-
tion did not change the percentage of P. gingivalis bacteria relative
to the total bacterial count in rat oral cavity compared to those rats
with infection only (Fig. 8).

DISCUSSION

Current treatment for periodontitis often relies on mechanical
procedures and antibiotic administration but lacks strategies di-
rectly addressing the immune aspects of the disease. These treat-
ments do not offer complete amelioration of bone resorption ac-
cruing around teeth because they do not eliminate the biological
causes of periodontal bone resorption (23). The research area
“osteoimmunology” has generated considerable interest in the in-

teractions between the immune system and bone (9, 24, 25). Our
previous studies have demonstrated the major immune cell con-
tribution to periodontal bone resorption and suggested that ex-
cess RANKL shifts the balance of bone metabolism in the direction
of catabolism and causes periodontal bone resorption (1, 5).
Therefore, an important emphasis of new therapies should in-
volve strategies to treat immune cell-mediated periodontitis.

There have been reports indicating an association between up-
regulated RANKL levels and the number of P. gingivalis bacteria in

FIG 7 TRAP� multinucleated cell formation. Four weeks after infection and gingival injection of anti-RANKL antibody or OPG-Fc, rats were sacrificed, and
maxillary tissues were sectioned as described in Materials and Methods. TRAP staining was performed to determine the number of multinucleated osteoclast-like
cells on the alveolar bone surface. (A) Bone surface of uninfected animal. (B) Bone surface of infected animal without treatment. (C) Bone surface of infected
animal injected with anti-RANKL antibody. (D) Bone surface of infected animal injected with OPG-Fc. Rt, root; PDL, periodontal ligament; AvB, alveolar bone.
Data are presented as numbers of cells per mm of bone surface (**, P � 0.01, by a Student t test; n � 4).

FIG 8 Quantitation of P. gingivalis DNA from rat oral cavities. On Day 28, oral
swabs from each rat were resolved in 200 �l of PBS containing protease inhib-
itor cocktail. DNA was extracted from each sample and subjected to real-time
PCR amplification of P. gingivalis-specific DNA and total bacterial DNA using
the following 16S rRNA gene primers: P. gingivalis, GAGTTTGATYMTGGC
TCAG and TCAGTCGCAGTATGGCAA; universal, 5=-GAGTTTGATYMTG
GCTCAG and 5=-AAGGAGGTGWTCCARCC-3=. Data are presented as per-
centage of P. gingivalis bacteria to the total bacterial count in the same sample
collected from the oral cavity. **, P � 0.01 (n � 8 assayed in duplicate); ND,
non detectable.
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clinically obtained periodontal tissues (26, 27). P. gingivalis infec-
tion models have been widely used to study immune-mediated
periodontal bone resorption (28–30). However, no definitive role
of RANKL in P. gingivalis-associated periodontal bone resorption
has been established. In this study, we have described a rat peri-
odontal infection model that elicits potent host immune re-
sponses, immune-mediated RANKL expression, and subsequent
periodontal bone resorption. This study suggests that P. gingivalis
infection-associated periodontal bone resorption is mediated by
immune cells in a RANKL-dependent manner. It demonstrates
the essential role of RANKL in P. gingivalis-associated periodontal
bone resorption and can be used as a good model to investigate
effects of RANKL-specific intervention regimens during ongoing
periodontal infection in vivo. It is noted that the injection of anti-
RANKL antibody did not bring bone resorption and TRAP� cell
formation back to control levels (Fig. 6 and 7). This could be due
to an incomplete RANKL blockage by the time and dosage used
for the interventions in this study and/or delayed, neutralizing
antibody responses of rats to rabbit anti-RANKL IgG injected into
the animals (Fig. 5C). Optimization of time and dosage of the
antibody and usage of anti-RANKL F(ab=)2 antibody fragment
may potentially improve the efficacy of RANKL blockage and con-
vey better protection.

One of the interesting findings in this study is the reduction of
P. gingivalis colonization after injection with anti-RANKL anti-
body or OPG-Fc (Fig. 8). Further studies are warranted to deter-
mine the mechanism of such an inhibitory effect toward P. gingi-
valis colonization. One may postulate that inhibition of
periodontal bone resorption by anti-RANKL antibody or OPG-Fc
generates an unfavorable ecological niche for P. gingivalis coloni-
zation and could substantially limit bacterial growth. It has been
suggested that passive immunization against periodontitis re-
duces the rate and severity of bone loss, which may temporarily
alter the composition of the subgingival microflora (31). This
finding is potentially significant since it may indicate that local
interference with RANKL-mediated osteoclastogenesis not only
ameliorates periodontal bone resorption but may also restrict the
niche expansion of the periodontal pathogens. Although outside
the scope of the present study, it would be helpful to determine if
reduction of P. gingivalis colonization affects the numbers of re-
cruited B and T cells or their levels of RANKL expression.

Our recent study using an antigen-specific T cell transfer/gin-
gival antigen injection model demonstrated that anti-RANKL IgG
antibody significantly inhibited sRANKL-induced osteoclasto-
genesis in vitro in a dose-dependent manner but also gave rise to a
rat antibody response to the rabbit IgG in vivo, with no significant
inhibition of periodontal bone resorption detected (32). We have
evaluated the antibody responses of rats to rabbit anti-RANKL
IgG injected into the animals on days 0, 7, 14, and 28, and an
antibody response could not be detected until day 28 (Fig. 5C).
The two studies are fundamentally different in all aspects of chal-
lenge (nature, frequency, and site), anti-RANKL antibody injec-
tion schedules (days 5, 9, and 14 in this model versus days �1, 1,
and 3 in the T cell transfer/gingival antigen injection model [32]),
and experiment duration (28 days in the current model but only
10 days in the transfer model). Why the late onset of such an
antibody response to anti-RANKL IgG in the current study did
not abolish the observed in vivo inhibition of RANKL-induced
osteoclastogenesis (Fig. 7) and periodontal bone loss (Fig. 6) by

anti-RANKL IgG is not clear, and the underlying mechanism re-
mains to be determined.

The effect of physiological blockade of the RANKL-RANK in-
teraction and the subsequently diminished osteoclastogenesis
with OPG-Fc are convincing, but this protein cannot be tested in
humans. Studies with the fusion protein OPG-Fc in patients with
multiple myeloma were discontinued due to patients developing
antibodies to OPG (33). More recent studies have extended this
strategy to include immunological blockade of RANKL-RANK
interaction using an antibody to RANKL (34, 35). Such a human
monoclonal antibody (denosumab, formerly known as AMG 162)
has been shown to effectively increase bone mineral density in
postmenopausal women and decrease bone resorption (34, 35).
Denosumab (trade name of Prolia), has recently been approved by
the FDA for women with postmenopausal osteoporosis at in-
creased risk for fractures. Yet serious side effects may occur with
denosumab, such as hypocalcemia, infections, and dermatitis, and
the long-term effects of denosumab on bone are not known.
Therefore, much remains to be determined before such a strategy
(blockade of the RANKL-RANK interaction) could be safely and
effectively used in the management of bone-resorptive diseases
other than osteoporosis. It is conceivable that local immunologi-
cal blockade of the RANKL-RANK interaction using an antibody
to RANKL may be an option for site-specific bone-resorptive dis-
eases such as periodontal disease.

The current study attempted to determine whether live P. gin-
givalis oral infection-induced periodontal bone loss is immune T
and B cell-mediated and whether it is RANKL dependent. While P.
gingivalis infection models have been widely used in research, de-
finitive answers to these questions have not been obtained. There-
fore, the current study provides useful information to advance our
understanding of P. gingivalis infection biology. Our results indi-
cate that a potent systemic T and B cell immune response to P.
gingivalis can be observed as early as 7 days after infection and is
significantly elevated even further at 28 days after infection
(Fig. 1). T and B cells could be a major source of RANKL and bone
resorption during the immune response to P. gingivalis infection
(Fig. 2 and 3). Therefore, RANKL inhibition may include reduc-
tion of soluble RANKL release or interference with RANKL ex-
pression by T/B cells. Interference with these processes should
contribute to the abrogation of periodontal bone resorption and
prevention of periodontal disease progression. Effects of such in-
terventions may be further studied in vivo using this P. gingivalis
infection-associated periodontal bone resorption model.
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